The absorption spectrum of CO 2 in the wavelength range 120 nm -160 nm is analyzed by means of quantum mechanical calculations performed using vibronically 
account of this work has already been published. 1 The potential energy surfaces (PESs) used in these calculations are described in the preceding paper (termed 'paper I').
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Photodissociation of carbon dioxide is of considerable importance for atmospheric and planetary chemistry. CO 2 is the second common trace gas in the Earth atmosphere and one of the main products of the fossil fuel burning. Its emissions continue to grow 3 despite considerable effort to mitigate climate change. 4, 5 UV photodissociation destroys CO 2 with a unit quantum yield, and in the upper atmosphere, this destruction channel is dominant.
Photolysis, shifted into the UV/visible range via preheating of CO 2 , has been used in solar based schemes of conversion of atmospheric CO 2 into fuel. 6, 7 UV photochemistry of carbon dioxide controls chemical processes in the upper layers of the CO 2 based atmospheres of Mars and Venus. 8 Accurate predictions of the low temperature UV absorption cross sections are required to improve the existing photochemical models of their atmospheres, and are also relevant for the models of the atmosphere of Titan, 9 which contains CO 2 as a minor constituent. Finally, photodissociation shares its activated complex -the highly electronically and vibrationally excited CO 2 -with another reaction, in which C + O 2 collisions produce carbon monoxide, the second most abundant molecule in interstellar clouds.
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Absorption spectrum of CO 2 in the UV range is studied experimentally since the beginning of the 20th century. [11] [12] [13] [14] [15] [16] [17] [18] Figure 1(a) gives an overview between 220 nm and 105 nm.
Carbon dioxide is transparent down to about 220 nm (6.20 eV) . Below 220 nm, the absorption starts with a very weak progression of narrow lines. 14, 19, 20 At 112.1 nm (11.08 eV), a strong absorption band is observed, which is assigned 15, 21 to the optically allowed transition to the Rydberg state 1 Σ energy band at 148 nm assigned to the 1 1 ∆ u state, and the high energy 133 nm band to the 1 1 Π g state. 13, 15, 22 However, the interstate vibronic couplings calculated in paper I are strong rendering such 'zeroth order' diabatic labels somewhat problematic. Vibrational progressions are isolated using solely line spacings. For the stronger lines near 133 nm, one bending or two stretching progressions are offered as alternative tentative assignments. 15, 27 The weaker band near 148 nm is presumed to involve strong bending excitations. This assignment is based on the analysis of • . 13, [28] [29] [30] IfĴ is normal to the CO 2 axis and Ω = 0, the RT coupling is quenched.
Interaction between A and A states in this case is mediated only by the Coriolis coupling which allows transitions from Ω = 0 to Ω = 1 block in which RT coupling is operative. 
) and the bend α OCO (irrep π u ). In linear CO 2 , the components µ x,z are antisymmetric with respect to R − as illustrated in Fig. 3(a,c) . The component µ y grows linearly with α OCO , while µ x,z are almost independent of the OCO angle [ with respect to interchange, R 1 ↔ R 2 , of the two CO bonds.
In this paper, the absorption spectrum of CO 2 is calculated using ab initio PESs of the first five excited electronic states, vibronic interstate couplings, and multistate quantum dynamics for the nuclei. The study was designed with three goals in mind: To reproduce the experimental spectrum, to assign the calculated absorption bands, and to examine the relative contributions of the above non-adiabatic interactions. These tasks are connected, because photoexcitation brings CO 2 into the region of multiple degeneracies (Fig. 2) 
II. QUANTUM MECHANICAL CALCULATIONS

A. Molecular Hamiltonian
The starting point for the calculations is the 5 × 5 molecular Hamiltonian written in the basis of the electronic states |∆ , |Π , |Σ , |Π , and |∆ , diabatized with respect to CIs at bent geometries and in the FC region as described in Sect. IVB of paper I:
with the nuclear kinetic energy matrix T and the potential matrix V d , related to the diagonal matrix of ab initio energies V a via orthognal adiabatic-to-diabatic (ADT) transformation S 6 and consisting of a 2 × 2 block of A and a 3 × 3 block of A states:
All matrix elements are smooth functions of molecular coordinates; couplings of the accidentally degenerate states |Σ and |∆ to |Π are set equal, and the RT-like Σ /∆ interaction is neglected. This representation will hereafter be referred to as CI-diabatic; by construction, the projection ofL on the molecular figure axis,L 2 z , in the CI-diabatic basis has a definite value of Λ = 0, 1, or 4. The kinetic energy operatorT is specified in the body fixed (BF) frame in Jacobi coordinates (R, r, γ) in the form, originally suggested by Petrongolo 29 and modified for numerical implementations by Goldfield et al.:
Jacobi coordinates in this expression comprise the distance R between one oxygen atom and the center of mass of CO, the CO distance r, and the angle γ between the vectors R and r. OperatorsT R ,T r , andT γ are the standard 36 kinetic energies for these coordinates; the rotational constants B R = (2µ R R 2 ) −1 and B r = (2µ r r 2 ) −1 depend on the corresponding reduced masses µ R,r .Ĵ denotes the total angular momentum,Ĵ =N CO2 +L (N CO2 is the angular momentum of nuclei).Ĵ z andĴ ± denote the BF z projection and the ladder operators ofĴ, respectively. The BF z axis is assumed to run parallel to R ('R-embedding',
In the basis of CI-diabatic states, the first bracket in Eq. (3) applies to the vibronic dynamics in either A or A symmetry block; the second bracket is the RT interaction between A and A states sharing the same Λ 2 ; the thrid bracket is the Coriolis interaction which includes both intra-symmetry (through e.g.
J +Ĵz terms) and inter-symmetry (through e.g. −Ĵ +Lz terms) couplings.
Divergence at γ → 0, π of the kinematic RT coupling matrix elements for states with Λ 2 = 0 is removed by switching from the definite symmetry states |Λ and |Λ to the RT-diabatic eigenstates |Λ ± of theL z operator at linearity, (V Λ + V Λ ), (2) off-diagonal vibronic couplings due to CIs involving states with
, and (3) off-diagonal rotovibronic couplings or ±|l| = ±(Ω − Λ). Further, the Jacobi angle is discretized and the angular differential operators are set in the Gauss-associated Legendre discrete variable representation (DVR).
Finite basis representation is kept only in the quantum numbers Ω and Λ.
B. The initial state and the absorption spectrum
Here ψ
(q) is a given vibrational state and q denotes three internal (e.g. Jacobi) coordinates. SinceX is a Σ state, the initial total angular momentum J i coincides with the nuclear angular momentum N CO2 . Centrifugal sudden (CS) Coriolis-free approximation is used in Eq. (5) treating CO 2 as a symmetric top with conserved helicity Ω i . Only excitations from the vibrational ground state are considered, which for linear CO 2 implies Ω i = 0, too.
The state of CO 2 immediately after photoexcitation is first set in the CI-diabatic representation. TDMs withX are obtained from ab initio TDMs using the ADT matrix S:
The resulting TDM 'vector' has five electronic components, each featuring up to two nonvanishing spatial projections in the principal axes frame. Possible rotational transitions in the optical excitation are 
Here ·, · | · is the Clebsh-Gordon coefficient, δ ≡ Ω f − Ω i = 0 or 1, and (µ Λ ) δ are the spherical projections of the TDM vectors
This expression is valid for both parallel and perpendicular transitions. The only difference between the two is that the initial state in a parallel transition is real, while in a perpendicular transition it is imaginary. For each type of transition, the total initial wavefunction Φ(q|J f )
is a linear combination of all Φ(q|J f , Ω f ) Λ with the allowed values of Λ and (J f , Ω f ). 38 Initial state with each J f is propagated separately. The corresponding cross section, averaged over the initial space fixed projections M , is proportional to the expectation value of the Green's function of the time-independent Schrödinger equation,
where the photon energy E ph is measured from the zero point energy level E 0 (J i , Ω i = 0) iñ X. The total cross section is the sum over all allowed J f :
The calculations including all Ω f blocks for each J f and thus fully including Coriolis coupling between adjacent helicity blocks were performed for J i ≤ 2.
In order to compare the calculation with experiment at T = 190 K, a thermal absorption spectrum has been constructred by averaging σ(E ph |J i ) over the normalized Boltzmann 
Here 1 denotes the 5 × 5 unit matrix, and one coordinate function W is used in all electronic channels. In the last step, the vector Im G + (E) Φ(q|J f ) is approximated by the expansion
in which b n (E) are the usual energy-dependent coefficients, 41 while the vectors Φ n are found from a modified Chebyshev recursion relation due to Mandelshtam and Taylor. 42 Chebyshev autocorrelation coefficients c n = Φ 0 |Φ n with the initial state Φ 0 ≡ Φ(q|J f ) are calculated, and the absorption spectrum is reconstructed from {c n } using the Eq. (8) . The number of expansion terms, N iter , is one of the convergence parameters of the calculation.
In order to assign diffuse peaks in the spectrum, filter diagonalization 39, 43 has been performed. Eq. (12) is used to generate a set of basis vectors {ψ k },
localized around nodes {E k } of an equidistant energy grid covering a given window [E min , E max ] (500 cm −1 wide windows were used in most calculations). The Hamiltonian matrix ψ k |H|ψ k is set in the orthogonalized basis and diagonalized. The resulting complex eigenstates are resonance states of the Hamiltonian (11) with energy E n and width Γ n .
The eigenfunctions Ψ n are five component vectors known in any representation used in the calculations. For example, the CI-diabatic eigenstate,
can be rewritten in the CI-adiabatic representation using the ADT matrix via S T Ψ n .
C. Numerical details
Quantum mechanical calculations have been performed with several sets of the diabatized PESs constructed using slightly different fitting procedures for ADT parameters as band are more amenable to thermal 'washing out' than the well resolved peaks in the high energy band, and the temperature effect is most conspicuous below 9 eV.
A. Electronic assignments
The currently prevailing assignment, attributing the 148 nm band to 1 
For each auxiliary diabatic TDM, the initial excitation, constructed using Eq. (7) The CI-adiabatic assignment is also motivated by the shape of the initial excitation along the bending angle, sketched in Fig. 2(a) together with the cuts through the calculated PESs.
The dashed red line is the ground vibrational state inX. Its maximum is shifted by 4
• away from linearity due to the zero-point bending vibration plus the weighting imposed by the volume element. Thus, even before the TDM with the excited states is applied to ψ 1,0 0 (q), the FC geometry corresponds to α OCO = 176
• , and the gap between the adiabatic linear and bent excited states is ∼ 0.6 eV. The solid red line in Fig. 2 This is also the reason why CS approximation has little effect on the parallel spectrum σ .
The perpendicular transition terminates in A states and is realized via TDM µ x . The spectrum σ ⊥ in Fig. 4 (b) consists of two widely separated almost equally intense bands featuring apparently regular progressions of diffuse peaks. The reason for the distinct regularity of the 148 nm band in σ ⊥ will be discussed in Sect. III C. The rotational state (J f = 1, Ω f = 1) is exclusively populated, and the RT coupling is operative in the perpendicular transition. However, σ ⊥ is substantially smaller than σ for all but the highest photon energies: The TDM µ x , which is similar to µ z , depends weakly on α OCO (see Fig. 3 ), and it is excitations from bent geometries which dominate the spectrum. As a result, the RT coupling, active in σ ⊥ , has little influence on the sum σ ⊥ + σ .
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The state 1 Σ − u , decoupled from other states in this calculation, is excited in a perpendicular transition via µ x . Its absorption spectrum, discussed in Sect. III D, consists of a series of sharp narrow lines, with the peak intensity reached in the gap between the two main bands. The TDM withX is extremely small in the FC region, and the absorption cross section does not exceed 5 × 10 −20 cm 2 . As a result, the contribution of the 1 Σ − u state is hardly discernible in the full spectrum. Test calculations register minor intensity gain if weak vibronic coupling to other states is included.
B. Vibronic assignments of the high energy band
The intense lines in the experimental 133 nm band [ Fig. 1(b) ] are spaced, on average, by ∼ 630 cm −1 . This major progression is shown by brown sticks in Fig. 4(a) . Another progression can be recognized as minor peaks or shoulders above 72 000 cm −1 . The minor peaks, also shown as sticks in Fig. 4(a) with the perturbations originating from the Coriolis interaction between the vibrational and rotational angular momenta. 15 The dynamics calculations suggest that the major progression is built on synchronized excitations of the two CO bonds.
In the calculated spectrum [ Fig. 1 (b) and 4(a)], the major and minor progressions are qualitatively similar to the experimental ones, but numerically different. For example, the spacings between major peaks follow the same rise-and-fall pattern, but their average is merely ∼ 580 cm −1 . Next, the minor progression, also seen in the calculations, is blueshifted by ∼ 240 cm −1 against the major one. Around 76 000 cm −1 , the intensity of the minor peaks grows substantially and the calculated spectrum shows several strong lines giving it a congested appearance. Above 77 000 cm −1 , most calculated peaks are split into two components in agreement with experiment. Thus, the achieved accuracy is not spectroscopic, but the calculated spectrum represents a reasonable starting point for the analysis of molecular motions behind the diffuse bands. The assignment, presented below, is based on the properties of metastable resonance states calculated specifically for the parallel component σ of the full spectrum. The principal progressions are similar in σ(E ph |J i = 0) and Fig. 4 (a) and (b)]. Differences visible above 78 000 cm −1 are addressed at the end of this section.
Positions, E n , of resonance states excited in a parallel transition (
, Ω f = 0), calculated using filter diagonalization in the CS approximation, are illustrated with sticks in Fig. 4(c) . Each resonance is further characterized by its width Γ n and the
The resonance absorption spectrum,
is compared with σ in Fig. 4(c) . Resonances are expected to accurately describe absorption spectra consisting of narrow isolated lines. 51 However, despite a substantial fast direct contribution, the incoherent sum of Lorentzians in σ res is in qualitative and -above 73 000 cm States in the major progression, which can be followed from the origin near 72 700 cm (compare states marked with stars in Fig. 5 and 6 ). The progression of states with v r = 1 is found in the full calculation, too (Fig. 6, upper panels) . The fundamental radial frequency, The accuracy of the ab initio PESs does not allow a line by line comparison with the measured spectrum. To which extent the above assignment is applicable to the experiment?
Energy intervals in the major progression measured below E ph = 78 000 cm −1 are shown in Fig. 7(a) , and the rise-and-fall pattern, inherent to the calculated spectra, appears to be distinctly recognizable, including a stretch of pseudorotational excitations and dips impying potential saddles. This observation should not be overinterpreted -shown is one progression, and this progression is rather short. If, however, the agreement with the calculations is more than a mere coincidence, the 133 nm band would be the first documented spectroscopic observation of a closed CI seam. A with strongly bent equilibrium geometries.
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The present calculations demonstrate that actual molecular motion is difficult to define in terms of the familiar normal modes: Energy above equilibrium is high and the anharmonic and vibronic couplings are substantial. The results summarized in this section at best provide an initial point from which a genuine analysis could be undertaken.
In the experimental spectrum, almost every diffuse structure below 72 000 cm −1 comprises several transitions visible as a group of peaks or as a shoulder [ Fig. 1(b) ]. Diffuse structures in the calculated spectrum look similar, especially after thermal averaging, although irregularities in the energy intervals, widths, and intensities preclude a meaningful matching with experiment. In order to enable comparison, line subsets are selected in both spectra.
In the experimental spectrum, centers of the diffuse peaks with the largest intensities are chosen as indicated in Fig. 4(a) . In the calculated spectrum, only the parallel transition An alternative 'bottom-up' approach in this case is to study the spectrum of the bent 2 1 A state from the ground state upwards and and to follow the characteritic frequencies with growing internal energy. Bent electronic states have C 2v equilibria (see Table III and ω a < 900 cm −1 , keep their values up to and above 60 000 cm −1 , one would expect the diffuse peaks to reflect strongly excited bending and antisymmetric stretch motions.
One major drawback of the above discussion is the missing experimental counterparts of the calculated vibrational frequencies: The measured intensities are low and the rotational structure is unresolved. Truly exceptional in this respect is the high resolution study of the wavelength range 172 nm-198 nm, performed by Cossart-Magos and co-workers 19 who were able to detect many absorption bands with rotational structure and to isolate two vibrational progressions between 51 000 cm −1 and 57 000 cm A PES along the bending angle: In the calculation, it is this state to which the carbene-type bent OCO minimum at 70
• belongs after local diabatization of bent CIs. This minimum at α OCO = 73
• is is clearly seen in the contour maps in Fig. 11 . Near E ph ≈ 48 000 cm −1 , the ground vibrational state appears in this local OCO minimum shown in the left lower panel in Fig. 11 . Above 50 000 cm −1 , the bending states in the local and in the global equilibria become connected via a saddle point, the main bending progression includes states partially delocalized between the two wells [right lower panel in Fig. 11 ], the configuration space available to bending vibrations suddenly expands, and it is this energy range in which ω b (A ) starts to decrease.
In contrast, the 1 OCO bent minimum which becomes reassigned to state 3 The present study focuses on spectroscopic aspects of the UV photodynamics of CO 2 .
Mechanisms of photodissociation are discussed only insofar as they become apparent in the analysis of the absorption spectrum. This piece will be completed in the discussion of photofragment distributions which will be published separately. However, preliminary conclusions can be deduced from the density distributions of resonance wave functions Ψ n calculated and discussed above. Of interest here are the 2A components of Ψ n as depicted for example in Fig. 9 . Although useless in establishing the vibrational assignments, they rather clearly illustrate the dissociation path taken by the molecule once it arrives in a bent adiabatic state. Because of CIs in linear CO 2 , the inner regions of states 2 A potentials along α OCO in the direction of global bent equilibria are barrierless. This directional anisotropy is reflected in the probability density in the right panel of Fig. 9 : The wave function traces out a path leading from the FC region to smaller angles; hardly any probability is found along the linear dissociation path. Substantial extension of the CO bond, seen in the left panel of Fig. 9 , occurs predominantly in bent molecular configurations with α OCO < 140
• . This shape is representative of the 2A or 1A components of Ψ n both below the CI energy (where the bent states are directly accessed) and above the CI energy (where they become populated indirectly via the CI funnels at linearity). 
